Introduction
The number of dairy sires that are used for genetic improvement internationally is growing each year, and accuracy of genetic information for foreign animals is increasingly important. The last major modification of international dairy sire evaluations was in 1994 when the International Bull Evaluation Service (Interbull) implemented the multiple-trait across country evaluation (MACE) procedure. This allowed data from progeny in multiple countries to be combined simultaneously, and international EBV could be calculated from relatives' information for bulls with progeny in only one country. However this method treats progeny of a given sire differently based upon political boundaries regardless of the production environment in which these animals are actually performing. The MACE procedure considers lactation performance in small neighboring countries as different traits, and performance in large countries with varying management and climatic factors is considered a single trait. Therefore, it cannot properly account for genotype by environment interaction between herds. This is the final paper from a large study. Previous papers have examined the production systems in seventeen leading dairy countries and identified management, climatic, and genetic factors that can explain genotype by environment interactions between herds. The present paper describes how such factors can be used to group herds into clusters or production environments for the purpose of international sire evaluation. In this approach, dairy sires no longer get an EBV for each individual country; they instead get an EBV for each unique production system. Data from progeny and other relatives in different clusters can be used to predict the performance of each sire in each production environment that exists globally. This method should increase the reliability and credibility of genetic information for dairy sires, and should ultimately increase genetic progress in each production environment.
The objectives of this study were twofold: 1) to determine a weighting scheme that would account for the correlations between descriptive herd variables, as well as the relative importance of each variable in defining a unique production environment, and 2) to apply this model to milk production data from seventeen leading dairy countries.
Materials and Methods

Data
The data consisted of 131,907,373 test day records from 16,403,413 first lactation cows in 233, 673 herds in Australia, Austria, Belgium, Canada, Czech Republic, Estonia, Finland, Germany, Hungary, Ireland, Israel, Italy, The Netherlands, New Zealand, South Africa, Switzerland, and the United States (Zwald et al., 2001). Herd means were calculated for each of the following variables: day of calving, age at calving, days to peak yield, fat: protein ratio, herd size, percent North American Holstein genes, peak yield, persistency, sire PTA milk, annual rainfall, standard deviation of milk yield, and maximum monthly temperature. Means for these variables were subsequently used to group herds into clusters or production systems for genetic evaluation purposes.
Weighting Variables
Because some variables are more important for explaining genotype by environment interaction than others, it was necessary to weight each of the thirteen management, climate and genetic factors prior to the clusters analysis. Weights were developed from the genetic covariance matrices between quintile groups as published by Zwald et al. (2001) . Covariance functions were applied to these matrices and the difference in the sum of squared errors between the full-fit legendre polynomial regression and its corresponding intercept term was used as a weight. To avoid double counting of correlated variables, a weighted factor analysis was used to develop unique contrasts of these variables. Seven factors had eigenvalues larger than 0.025, and these factors explained nearly 94% of the total variation. Scores for each of the seven factors were calculated and these scores were used in the subsequent cluster analysis. Each of the seven factor scores calculated for each herd was a composite of all thirteen herd variables based on the eigenvectors (weights) that were computed.
Model
A seven-trait BLUP sire model was used for this analysis with production in each cluster considered a separate trait. A heterogeneous variance adjustment was applied using the method of Wiggans and VanRaden (1991) . The model is as follows: Bayesian implementation via Gibbs sampling was used to estimate the covariance matrix corresponding to each cluster so that heritability within each cluster and genetic correlations between clusters could be examined. Sire EBV were calculated in each cluster and are presented.
Cluster Analysis
The FASTCLUS procedure in SAS was used for herd clustering, which performs a disjoint cluster analysis based on Euclidean distances. This iterative method guarantees that distances between all observations in the same cluster will be less than the distances between observations in different clusters. For each herd, the thirteen descriptive variables were combined into seven factors using the weights described above, and the cluster analysis was based on the seven factor scores for each herd. The optimal number of clusters was based on the cubic clustering criterion, which compares the observed R-squared to the expected R-squared from a uniform distribution. (SAS Technical Report, 1983) . High values of the cubic clustering criterion indicate more clearly defined clusters.
Results and Discussion
The relative importance of each variable in determining unique production environments is quantified in Table 1 . Variables that were better predictors of genotype by environment interaction received the largest weights, and variables that were less informative received the smallest weights. Peak yield received the highest weight, because herds with different levels of peak yield had relatively low genetic correlations with each other. In contrast, fat: protein ratio received very little weight because herds with very different fat: protein ratio had high genetic correlations with each other, indicating that this variable did little to determine unique production environments. Eigenvalues of the weighted correlation matrix for the thirteen descriptive herd variables were computed. These eigenvalues consider both the correlation between variables and the relative weights from Table 1 . Although these weights are difficult to decipher, inspection of these values can give an indication of the important variables in each factor. For example, factor 1 has a high positive weight on peak yield, and standard deviation of milk yield and a large negative weight on fat: protein ratio. Therefore, herds with a low fat: protein ratio, high peak yield, and high standard deviation of milk yield will have a high score for factor 1. Herds that are very large with a low percentage of North American genes will get a high score for factor 2, because of the large positive weight on herd size and the relatively large negative weight on North American Holstein percentage. Application of the cluster analysis to these factor scores led to seven herd clusters; each cluster contained from 4805 to 59,272 herds and 977,815 to 3,627,768 cows.
Means of the 13 descriptive herd variables for each cluster are shown in Table 2 , and the representation of herds from each country or region in each cluster is shown in Table 4 . Cluster 1 was comprised primarily of large herds in Eastern Germany, the Czech Republic, Italy, and the United States.
These herds were characterized by extended days to peak yield, a very large herd size and relatively low annual rainfall. Cluster 2 was the largest cluster, and it consisted of smaller herds that used a large proportion of North American Holstein genetics and had a moderate peak yield. This cluster included the majority of cows in the Netherlands as well as western Germany.
Canada and Australia also had a large number of herds in this production environment. Cluster 3 was made up of small herds with low peak yield, extended days to peak yield, and high persistency. Australia, Germany, and the Czech Republic all had strong representation in this cluster. Cluster 4 largely consisted of herds from western Germany and Italy. These herds typically had the oldest age at first calving and a high standard deviation of milk yield. New Zealand herds make up over 97% of the cows in cluster 5. This cluster is comprised of low peak yields, low persistency, low percentage of North American genes, and a high fat: protein ratio. Cluster 6 contained mainly small herds from northern Europe, as will as a few herds from New Zealand. Cluster 7 consisted primarily of moderate sized herds in the United States and Canada with a very high peak yield, extended days to peak yield, and a high genetic level.
Heritability within clusters and genetic correlations between clusters are shown in Table  3 . Heritability ranged from 0.24 to 0.42 and genetic correlations ranged from 0.59, between low input grazing herds of New Zealand (cluster 5) and the intensely managed herds with high peak yields located primarily in the United States and Canada (cluster 7), to 0.97, between Clusters 2 and 4. The relatively low genetic correlation between the grazing herds of New Zealand (Cluster 5) and the other clusters would suggest that the environment that cows are subject to in these herds is significantly different from other environments around the world. Other genetic correlations are similar to those between countries that are currently used by Interbull in the MACE procedure.
Conclusions
An alternative method of evaluating dairy sires based on production environments was proposed and applied to data from seventeen leading dairy countries. Intuitively, this model makes sense because animals in similar environments are grouped accordingly, regardless of country borders.
Thus genotype by environment interaction should be properly taken into account. Each of the thirteen descriptive herd variables was assigned a weight based on genetic correlations between lactation performances in herds at different levels. Herd size, peak yield, and temperature were found to be the best predictor of genotype by environment interaction between herds. Many of the descriptive variables were highly correlated, and to avoid double counting certain variables, a factor analysis was used to find seven uncorrelated factors. Seven clusters were formed using the management, genetic, and climatic information for each herd, and each of these clusters was considered as a separate trait for genetic evaluation purposes. Improvements could be made to this analysis by having specific temperature and rainfall estimates for each herd, as opposed to regional estimates. Traits other than milk production could also be evaluated to further distinguish between environments in the global dairy population.
Currently there are 27 separate countries (environments) that are members of Interbull. Therefore, each dairy sire receives 27 different EBV. It does not seem logical to assume that each country is a single environment that is independent from similar environments in other countries. By using the proposed model, the number of unique production environments and therefore the number of EBV for each bull would be reduced from 27 to seven. Each sire would receive a separate evaluation in each of the seven unique production environments based on progeny and relatives in that cluster. Evaluations would also consider progeny performance in other clusters, but that information would be discounted based on the genetic correlations between the clusters.
The approach to international sire evaluation presented herein would be an improvement over the current system of evaluating sires because it would properly account for management, climatic, or genetic differences between herds in large countries (e.g. tie-stall herds in Vermont versus large dairies in Arizona) by placing those herds in separate clusters, and it would also allow similarly managed herds in different countries to be in the same cluster and thus treated as the same environment for genetic evaluation purposes (e.g. grazing herds in Ireland and grazing herds in Australia). This system should lead to higher reliability and credibility of international sire EBV. Implementation of this model would mean that an individual sire would no longer have a national EBV, and different sire EBV would be appropriate for different herds within a country. Table 4 . Number of cows from each country and region corresponding to each cluster.
